S1 'Simple' base-pair and step parameters for non-Watson-Crick pairs
The relative position and orientation of the two bases in a base pair (bp) can be rigorously quantified by six rigid-body parameters-three translations (Shear, Stretch, and Stagger) and three rotations (Buckle, Propeller, and Opening) (see Fig. S1 ). Similarly, taking each bp as a rigid body, a set of six step parameters (Shift, Slide, Rise for translations, Tilt, Roll, and Twist for rotations) can be used to describe the spatial arrangement of neighboring bps. The numerical values of these bp and step parameters depend upon the choice of reference frames. For Watson-Crick (WC) pairs and DNA/RNA duplexes consisting of WC pairs, local 3DNA parameters make 'intuitive' sense (e.g., a Rise of around 3.4 A and a twist of 36
• ). For non-WC pairs, however, the 3DNA local bp parameters could become cryptic, and the local step parameters may seem to be nonsensical (for example a Rise of 0, as reported on the 3DNA Forum. See also below).
Fig. S1
Schematic diagrams of the six rigid-body parameters commonly used for the characterization of base pair geometry
To address the increasingly common issues on the characterization of DNA/RNA structures with non-WC pairs, 3DNA (as of v2.3-2016jan01) introduced a set of 'simple' bp and step parameters. Shown below are related results using PDB entry 1xvk as an example. This echinomycin-(GCGTACGC) 2 complex has a single DNA strand as the asymmetric unit. The biological unit is contained in an NMR-like MODEL/ENDMDL ensemble of two models, each corresponding to one chain of the duplex. This structure has two A+T Hoogsteen base pairs. In March 2013, questions were asked on the 3DNA Forum about the "zero or negative helical rise?" from a 3DNA analysis on 1xvk.
The related 3DNA commands for the analysis of 1xvk are shown below. Note the -symm option to include both strands of the duplex in the biological unit. The main output file is named '1xvk.out'. A comparison of the classic 3DNA local bp parameters and the new 'simple' ones is shown below. For the four WC pairs, the two sets are very similar. For non-WC pairs (no. 1, 4, 5, and 8 of M+N type pairs; prefixed with * in the list of 'simple' parameters), however, they are obviously different (e.g., in Shear and Stretch). and related blogposts on the 3 DNA home page for details . This structure contains 4 non -Watson -Crick ( with leading *) base pair ( s ) The comparison becomes more pronounced at the step level. The local TA/TA step (no. 4) has a Rise of zero, and a Twist of 180 degrees. A duplex containing Hoogsteen pairs with zero Rise surely does not make 'intuitive' sense, especially when visualized in an interactive molecular viewer like Jmol or PyMOL. This zero-Rise result is due to the symmetry of the biological unit of PDB entry 1xvk: the z-axes of the T+A (no. 4) and A+T (no. 5) Hoogsteen pairs are perfectly anti-parallel. As a result, the z-axis of the middle reference frame of the step (no. 4) is [0, 0, 0], which leads to zero Rise. On the other hand, the corresponding 'simple' parameters for step no. 4 has a Rise of 3.1Å, and a Twist of 26
• , which are more intuitively reasonable. Bizarre as the local 3DNA bp and step parameters may appear for 1xvk, these are the parameters needed for rigorous reconstruction of the original structure, at the bp level (i.e., without considering the sugar-phosphate backbone). See the following list of commands for details. This analyze/rebuild reversibility is a defining feature of 3DNA and can be applied to DNA and RNA. Overall, bp geometry can be described in more than one way. The existing set of six local bp and step parameters in 3DNA is mathematically rigorous, allowing for an unambiguous characterization of any pair of interacting bases and serving as input for exact model building. The new set of six 'simple' bp and step parameters provides a more intuitive interpretation of structural variations in non-WC-containing structures. The term 'simple' is used to distinguish the new set of parameters from the traditional 3DNA local parameters. It should be emphasized that the 'simple' parameters are for structural description only, and are not suitable as input for the 3DNA rebuild program. The two sets of parameters complement one another and serve different audiences and/or purposes. Numerical values of both are readily obtained with 3DNA.
For more technical details, please see the blog post "Details on the simple base-pair parameters" and related posts on the 3DNA home page.
S2 Sample input files for the 3DNA rebuild program
The 3DNA rebuild program can be used for building DNA/RNA duplexes or singlestranded nucleic acid structures, given an input file containing base sequence and local bp and step parameters. The input file is most conveniently generated by running the 3DNA analyze program on a starting structure, and then modifying the resultant bp step.par file. Two sample input files, one for a DNA duplex and another for an RNA single helix, are given below.
S2.1 Rebuilding of a double-helical DNA structure
The following data set is based on PDB entry 355d, the classical Dickerson-Drew B-DNA dodecamer with base sequence d(CGCGAATTCGCG) 2 . It can be generated with the following 3DNA command, in a file named bp step.par. The bases or associated parameters can be easily changed to build a customized duplex structure based on the starting one. Alternatively, such an input file can be created on purpose. The following data set is based on PDB entry 1fir, the crystal structure of HIV reversetranscription primer tRNA(Lys,3). It can be generated with the following 3DNA command, in a file named bp step.par. The 15 modified bases (in lower cases) have been replaced by their standard counterparts, and the numerical values of the base-step parameters are rounded to two decimal places. 
S3 Two new backbone parameters
Two new parameters have been added in recent releases of 3DNA. One is a set of virtual backbone torsion angles, based on the positions of the phosphorus atom (P) and the origin of the standard base reference frame. The other is ssZp, single-stranded Zp, defined as the z-coordinate of the bridging P atom expressed in the standard reference frame of the preceding base (at 5 , see Figure 2 in the main text). Note that ssZp is sensitive to base conformation relative to the sugar moiety: for the syn conformation, ssZp is negative, while for the more common anti conformation, it is positive.
The following set of backbone torsion angles is based on 1xvk, the echinomycin-(GCGTACGC) 2 complex. The output file is generated with the command listed below. The output list includes three sections, (1) "Main chain and chi torsion angles", (2) "Pseudo (virtual) eta/theta torsion angles", and (3) "Sugar conformational parameters". Note the correspondence between syn/anti base conformations in section (1) and negative/positive ssZp values in section (3).
1
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 2 Main chain and chi torsion angles : 3 4 Note : alpha : 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 39 Pseudo ( virtual ) eta / theta torsion angles : 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 68 Sugar conformational parameters :
tm : the amplitude of pucker 77 P : the phase angle of pseudorotation 78 79 ssZp : single -stranded Zp , defined as the z -coordinate of the 3 ' 80 phosphorus atom ( P ) expressed in the standard reference 81 frame of preceding base ; the value is POSITIVE when P lies 82 on the +z -axis side ( base in anti conformation ) ; NEGATIVE 83 if P is on the -z -axis side ( base in syn conformation ) 84 Dp : perpendicular distance of the 3 ' P atom to the glycosydic bond 85
[ as per the MolProbity paper of Richardson et al . (2010) 
S4 Tutorials

S4.1 Analysis module
The analysis component of Web 3DNA 2.0 determines a wide range of conformational parameters -such as the rigid-body parameters of interacting nucleic-acid bases, basepair steps of spatially adjacent base pairs, torsion angles of main chain and side groups, etc. -from a user-provided PDB/NDB ID (the structure identifiers used respectively in the Protein Data Bank and the Nucleic Acid Database) or a PDB-formatted file. The output files can be downloaded or viewed directly on a results page. Selected base-pairing, base-pair step, and torsion angle data are reported in interactive tables.
Example 1-1: Analyze a nucleic-acid-containing structure by using the PDB/NDB ID Before conducting an analysis on the web server, users are encouraged to verify the PDB/NDB ID of the input structure at the PDB or NDB website and gain some familiarity with the structure. To use the analysis component, the user can enter a valid PDB/NDB ID in the input area, for example "355D".
After clicking the 'Analyze' button, the user is directed to a results page containing five sections: 1. Structural summary, 2. Block Representations, 3. Interactive 3D view, 4. Output files of derived structural parameters, and 5. Interactive tables.
Structural summary
This section briefly describes the structure title, the author(s), the deposition date, the experimental method used to determine the structure, the resolution (for X-ray and EM structures), and any external links related to the structure. If the input file is an NMR structure, the number of models in the structure will be counted and reported (see Example 1-2 for the analysis of a multi-model structure).
Block Representations
These figures are drawn with schematic block representations of the bases, tube representations of the strands, and atomic representations of the sugar-phosphate-backbones. Proteins (if any) are represented by violet ribbons, and small molecules by ball-and-stick images. The same representations are also used in the PDB and NDB websites. The image is enlarged when the mouse is hovered over a specific image.
Interactive 3D view
A 3D interactive visualization of the input structure is presented in this section. The user can click the "JSmol" label on the lower right-hand corner to choose more options provided by JSmol. The multi-model results page contains block representaions of all models (50 maximum). The user can move the mouse over the small icons at the bottom to display a magnified view of the fluctuations among the models. The user can download each of the images by clicking the corresponding links.
This section includes structural parameter and image files of all the models. The user can directly view the parameter file for each model and a download link is also provided. For the convenience of users, a compressed folder including all the output files in '.tar.gz' various questions will be asked depending on the nature of the structure.
In this page, the user has multiple options to customize the resulting schematic images: 1) whether to display both nucleic acid and protein, if protein is present, or only nucleic acid, or only protein; 2) whether to show only P and base blocks for the nucleic acid structure; 3) whether to show a double-helix ribbon along the nucleic acid structure; and 4) whether to rotate the structure as a whole. The default block view places the structure in a 'best-view' orientation, i.e. the DNA structure is shown in a view perpendicular to the shortest principal axis. The user can specify an arbitrary rotation about the X-, Y-, or Z-axis.
After clicking the 'Visualize' button, the user is directed to five generated images with downloadable links.
A 3D interactive visualization of the input structure is also shown.
It should be noted that this module applies only to multi-model structures; otherwise error messages will appear.
Example 2-3: Stacking diagram of base-pair steps
The 'stacking diagram' component generates images of successive Watson-Crick base pairs in a nucleic-acid-containing structure. The images are plotted with H-bonds and filled base rings; the user has the option to label the bases.
Clicking the button directs the user to an interface with two options: 1) enter a PDB/NDB ID, or 2) upload a PDB-formatted file.
After a file is provided (for example "355D") and the 'Next' button is clicked, the structure will be analyzed and the user will be directed to an intermediate page to choose a base-pair step in the initial plotting. The user can also specify whether to show the labels of base residues and where to place the labels before clicking the 'Visualize' button. The labels can be placed inside the six-membered ring of each base or next to the C8 atom of purine (R) bases and the C6 atom of pyrimidine (Y) bases. Top (one file for double-stranded DNA, the other one for single-stranded RNA). Note that the base-pair step parameters are null for the first base pair, but the parameter of the first base-pair can have non-zero values.
As an alternative, the user can also upload a parameter file in a valid format (please refer to the example parameter files: double-helix DNA and single-stranded RNA).
Next, the user needs to specify whether to construct a full atomic model and to select a sugar type: B-DNA (C2'-endo), A-DNA (C3'-endo), or RNA (C3'-endo). The user can also specify whether to optimize the backbone geometry.
After clicking the "Build Model" button, the user will be directed to a results page shown below.
Then, the user specifies the conformation of the unbound DNA to B-form and provides nucleosome structures (for example PDB ID: 4XZQ) as templates to bind DNA at positions 85, 260 and 435.
In the confirmation page, the user can verify all the binding information and then click the 'Build' button.
Web 3DNA 2.0
Questions & Answers
Top "Pauling triplex model of nucleic acids is available in 3DNA" on the 3DNA homepage for further information.
Example 5-1: Construction of a generic B-form DNA fiber model
The user first selects the B-DNA (generic sequence: A, C, G, T) fiber model from the list of "Commonly used fiber models".
The generic DNA fiber models accommodate arbitrary base sequences of any length and only A, T, C, and G characters can be accepted in the input sequence. For a generic fiber, the user can type in a sequence and the number of repeating units as shown below. Note that the input sequence is that of the leading strand.
After clicking the 'Build' button, the user will be directed to a results page, which contains four sections: 1) a block representation of the constructed model, 2) a link to download a block image of the constructed model, 3) a link to download the coordinates of the constructed model, 4) a 3D interactive visualization of the constructed model.
Example 5-2: Construction of a Pauling triplex model
The fiber component also enables the user to build proposed DNA models. Here, we use the Pauling triplex model as an example.
